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A Novel Action of Terpendole E
on the Motor Activity of Mitotic Kinesin Eg5
tubulins and inhibit several dynamic processes depen-
dent upon microtubule activity, such as maintenance
of organelles, cell shape, cell motility, and transport of
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and Hiroyuki Osada1,* vesicle and organelles [3–5]. Moreover, microtubule in-
hibitors sometimes cause severe side effects in nonpro-1Antibiotics Laboratory
2 Animal and Cellular System Laboratory liferating neuronal cells [6]. In order to avoid such side
effects, specific inhibitors that affect the function of theRIKEN Institute for Discovery Research
Hirosawa 2-1,Wako-shi target molecule required for the M phase progression
would be useful. Recently, mitotic kinesin has been rec-Saitama 351-0198
3 Department of Bioscience and Informatics ognized as an attractive target for antitumor com-
pounds. Monastrol was isolated as a chemical inhibitorFaculty of Science and Technology
Keio University of the mitotic kinesin, Eg5 [7], from a chemical library
of synthetic compounds. Since natural products are alsoHiyoshi 3-14-1, Kohoku-ku, Yokohama-shi
Kanagawa, 223-8522 an important source of specific inhibitors so-called bio-
probes [8], we have exploited microbial products to ob-4 Department of Life Sciences Graduate School
of Arts and Science tain M phase-specific inhibitors that do not interact di-
rectly with tubulins [9]. We have rediscovered TerE,University of Tokyo
Komaba 3-8-1, Meguro-ku which was originally reported as a minor derivative of
ACAT inhibitor [10, 11]. In this report, we show that TerETokyo 153-8902
Japan acts as a novel inhibitor of Eg5.
Results
Summary
Identification of Terpendole E as a Specific
To reveal the mechanism of mitosis, the development Inhibitor of M Phase Progression
of M phase-specific inhibitors is an important strategy. We screened more than 4000 fungal extracts to find cell
We have been screening microbial products to find cycle inhibitors using the mouse temperature-sensitive
specific M phase inhibitors that do not directly target cell line tsFT210 and found such an activity in a culture
tubulins, and rediscovered terpendole E (TerE) as a broth of a soil-isolated fungus. Next, we purified the
novel Eg5 inhibitor. TerE did not affect microtubule active principles from the fermentation broth and identi-
integrity in interphase, but induced formation of a mo- fied them as terpendoles C, E, H, and I (TerC, TerE,
noastral spindle in M phase. TerE inhibited both motor TerH, and TerI), which were originally isolated as ACAT
and microtubule-stimulated ATPase activities of hu- inhibitors. Since tsFT210 is a temperature-sensitive mu-
man Eg5, but did not affect conventional kinesin from tant of the cdc2 kinase, tsFT210 cells are arrested at
either Drosophila or bovine brain. Although terpen- the boundary of G2/M phase when cultured at 39C
doles have been reported as inhibitors of acyl-CoA:ch- (Figure 1B). When the culture temperature of the ar-
olesterol O-acyltransferase (ACAT), the Eg5 inhibitory rested cells was decreased to 32C, most cells passed
activity of TerE was independent of ACAT inhibition. through M phase and entered G1 phase after 4 hr (Figure
Taken together, we demonstrate that TerE is a novel 1C). In the presence of colchicine, a tubulin polymeriza-
Eg5 inhibitor isolated from a fungal strain. tion inhibitor, the cells released from the G2 arrest were
synchronously accumulated in M phase (Figure 1D),
which was confirmed by the observation of nuclear mor-Introduction
phology. TerE at a concentration of 50 M caused the
same accumulation of cells in M phase (Figure 1E) asMitosis is the process by which eukaryotic cells ensure
colchicine did; however, TerC, TerH and TerI isolatedequal distribution of their chromosomes at cell division.
from the same strain had no inhibitory activity on theProgression through mitosis is inhibited by the spindle
cell cycle progression in M phase (data not shown). TerEcheckpoint until chromosomes are properly aligned on
also inhibited the cell cycle at M phase in asynchro-the mitotic spindle. Since most cells in the human body
nously cultured cells (Figure 1F). These observationsare not actively dividing in comparison to cancer cells,
suggest that the molecular target of TerE is a factora drug that activates the spindle checkpoint might be
indispensable for M phase progression.useful for the treatment of malignant tumors that show
rapid and abnormal cell proliferation. Indeed, some of
the most useful cancer therapeutic agents, such as vin- Terpendole E Did Not Affect Tubulin Polymerization
blastine and taxol, are known to activate the spindle In Vitro but Induced Monoastral Phenotype
checkpoint control through the inhibition of microtubule in Metaphase Cells
dynamics [1, 2]. However, these drugs directly target Many M phase inhibitors directly interact with tubulin
and affect microtubule polymerization. Therefore, we
examined whether TerE had stimulatory or inhibitory*Correspondence: antibiot@postman.riken.go.jp
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Figure 2. In Vitro Microtubule Polymerization Assay
Microtubule assembly in vitro was monitored under the presence
or absence of chemicals. Microtubule proteins (2 mg/ml) were incu-
bated with 100 M TerE (closed circle), 11 M vinblastine (closed
diamond), 20 M taxol (closed triangle), or without chemical (open
circle).
3ID, 3IIC, 3IID, 3IIIC, and 3IIID). Untreated control cells
showed a typical bipolar mitotic spindle (Figures 3IC,
3IIC, and 3IIIC). In contrast, TerE-treated cells showed
a monoastral microtubule array that was surrounded by
a ring of chromosomes (Figures 3ID, 3IID, and 3IIID).
This phenotype resembles that of a mutant of the mitotic
kinesin Eg5, a member of the BimC family, and also
resembles that of cells treated with monastrol, an Eg5
inhibitor. Inhibition of Eg5 results in unseparated centro-
somes. To test if TerE treatment induces the appearance
of unseparated centrosomes like Eg5 inhibition, weFigure 1. Structures of Terpendoles and M Phase Arrest by Terpen-
stained cells with Hoechst33258 and anti--tubulin anti-dole E
body to observe chromatin and centrosomes, respec-DNA distribution of tsFT210 cells was analyzed by flow cytometry
tively. As expected, -tubulin signals were associatedafter propidium iodide staining. The cells were cultured at 32C (A)
and synchronized at the G2/M boundary by incubation at 39C for with the poles of the spindle in control cells (Figures
17 hr (B). When the cells were transferred at 32C to release them 3IE, 3IIE, and 3IIIE), while two well-separated -tubulin
from G2 arrest, the cells pass through M phase and entered G1 signals were not seen in TerE-treated cells (Figures 3IF,
phase after 4 hr (C). The cells were released from the temperature 3IIF, and 3IIIF). These observations indicate that TerE
arrest in the presence of 10 M colchicine (D) or 50 M TerE (E).
inhibits the segregation of centrosomes but not the du-At 32C, the cell cycle progression was also monitored in the pres-
plication of centrosomes. In fact, the average distanceence of 50 M TerE (F).
between -tubulin spots in TerE (50 M) -treated 3Y1
cells was decreased to nearly 12.5% (0.62  0.37 m,
effects on microtubule polymerization in vitro. As shown
n  113) of the control (4.95  1.04 m, n  84). These
in Figure 2, taxol enhanced microtubule polymerization;
results suggest that Eg5 activity is inhibited by treatment
on the contrary, vinblastine inhibited microtubule poly-
with TerE in situ.
merization. Under the same conditions, TerE had no
effect on microtubule polymerization in vitro.
Next, we investigated the distribution of microtubules Terpendole E Did Not Inhibit Golgi Trafficking
Several motor proteins, including conventional kinesinin several cell lines (3Y1, A549, and HeLa cells) by indi-
rect immunofluorescent microscopy (Figure 3). Treat- and dynein, play a major role in intracellular retrograde
and anterograde trafficking, respectively. To testment of cells with colchicine, a potent inhibitor of micro-
tubule assembly, disrupted the microtubule network whether TerE affect such motor proteins, we investi-
gated the effect of TerE on brefeldin A (BFA)-induced(data not shown). In contrast, TerE treatment of in-
terphase cells (Figures 3IB, 3IIB, and 3IIIB) did not affect retrograde trafficking from Golgi to endoplasmic reti-
curum (ER) and also anterograde ER-to-Golgi traffickingthe microtubule network in comparison with the control
(Figures 3IA, 3IIA, and 3IIIA) even at a concentration of after BFA removal in NRK cells. BFA disintegrates both
Golgi stack and trans Golgi network, and induces a100 M. This result suggests that TerE does not target
microtubules directly but inhibits some other mole- merge of them with the ER and lysosome/endosome,
respectively [12]. As shown in Figure 4A, the Golgi wascule(s) functioning in M phase.
To reveal the molecular target of TerE, cells were dispersed by BFA after treatment for 8 min. TerE did
not inhibit BFA-induced Golgi dispersion (Figure 4B).treated with TerE and arrested in M phase. Microtubule
morphology and DNA segregation were observed by When BFA was removed from cells, Golgi stacks were
reconstructed in control cell as a result of anterogradedouble staining of microtubules and DNA (Figures 3IC,
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(1–439 aa) was cloned by RT-PCR from HL60 cells and
fused to glutathione S-transferase (GST) as described
in Experimental Procedures. E439GST was expressed
in E. coli, and purified via its affinity with glutathione
(GSH)-agarose beads and taxol-stabilized microtubules.
The gliding movement of microtubules was observed
by dark-field microscopy (Figure 5A). Purified E439GST
moved microtubules at a speed of 0.042  0.008 m/s
(Figures 5B and 5C). The motor activity of E439GST was
drastically reduced to 0.0079  0.0028 m/s by TerE
(Figures 5D and 5E). In the same experimental condi-
tions, TerE did not inhibit the motor activity of K430GST
and purified bovine conventional kinesin (data not
shown). A dose-dependent curve of E439GST against
Eg5 is shown in Figure 6A (closed circle, IC50, 14.6 M).
This inhibition was reversible, and microtubule gliding
was restored by washing out TerE (Figure 6B).
As the motility of motor proteins is coupled to ATP
hydrolysis, we investigated the effects of TerE on the
ATPase activity of Eg5 (Figure 6C). ATPase activity was
measured as the release of phosphate from the  posi-
tion of ATP using malachite green. This assay was per-
formed in the absence or presence of microtubules. In
the absence of microtubules, the ATPase activity of Eg5
was quite low (0.021/s  0.0045). However, ATPase ac-
tivity was drastically stimulated in the presence of micro-
tubules (2.07 0.26 ATPase/s). TerE inhibited the ATPase
activity of Eg5 in both cases as follows. In the case of
unstimulated ATPase activity, it was weakly inhibited to
28.9% by 100 M of TerE. In the case of microtubule-
stimulated ATPase activity, it was strongly inhibited in
a dose-dependent manner (IC50, 23.0 M; Figure 6C and
Table 1), suggesting that TerE largely affects the micro-
tubule-stimulated process of ATP hydrolysis. These re-
sults clearly indicate that TerE inhibits both the motility
on microtubules and the ATPase activity of Eg5 in vitro.
Terpendole E Is a Selective Inhibitor of Eg5
Rather Than an ACAT Inhibitor
Figure 3. Effects of Terpendole E on Cell Morphology
Since terpendole derivatives were isolated as ACAT in-
Three cell lines, 3Y1(I), A549 (II), and HeLa (III), were used for the hibitors, we next compared the inhibitory activity of TerE
same experiments. Immunofluorescence staining of -tubulin (green
with that of other ACAT inhibitors such as terpendolein [A]–[D]), -tubulin (red in [E] and [F]), and DNA (blue) of cells
derivatives and FR179254. The results are summarizedtreated for 12 hr with 1% MeOH (control) (A, C, and E) or 50 M
TerE (B, D, and F). Cells in interphase were observed: without treat- in Table 1. It has been reported that TerC and FR179254
ment (A) and TerE-treated cells (B). Cells in mitosis were observed are potent ACAT inhibitors, whereas TerE, TerH, and
(C–F). Normal bipolar spindles and DNA alignment at the metaphase TerI hardly inhibit ACAT activity. TerC, TerH, TerI, and
plate of control cells (C and E) were replaced with a monoastral FR179254 did not cause M phase arrest or inhibition of
spindle surrounded by chromosomes in TerE-treated cells (D and
microtubule motility activity of either E439GST orF). Unseparated spindle poles in TerE-treated cells were observed
K430GST even at 100 M (Table 1). Furthermore, the inby -tubulin staining (F). Scale bars indicate 10 m.
vitro motility assay system was reconstituted without
ACAT. These results clearly indicate that the inhibition
of Eg5 activity by TerE is not caused through ACATER-to-Golgi trafficking of Golgi proteins (Figure 4C).
inhibition.Golgi stacks were reconstructed in TerE-treated cells,
too (Figure 4D). These observations indicate that TerE
affects neither retrograde nor anterograde trafficking Discussion
of Golgi proteins and that TerE does not inhibit motor
proteins at least required for the trafficking. We have identified TerE as an M phase inhibitor from
fungal metabolites (Figure 1). To understand the molecu-
lar mechanism of the TerE-induced M phase arrest, weTerpendole E Inhibited Eg5 but Not
a Conventional Kinesin examined the machinery required for M phase progres-
sion. TerE did not affect tubulin polymerization in vitroTo investigate the direct effect of TerE on Eg5, we mea-
sured motor activities of Eg5 and conventional kinesins and in situ (Figures 2, 3IB, 3IIB, and 3IIIB), TerE inhibited
the formation of bipolar spindles during mitosis (Figureson microtubules in vitro. A fragment of human Eg5
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Figure 4. Terpendole E Affected Neither Ret-
rograde nor Anterograde Trafficking of Man-
nosidase II, a Golgi-Resident Protein
Retrograde (A and B) and anterograde (C and
D) trafficking of mannosidase II were followed
with NRK cells treated with the vehicle, 0.5%
MeOH (A and C) or 100 M TerE (B and D).
Results at 8 and 60 min after the induction
of retrograde and anterograde trafficking are
shown, respectively. Scales bars indicate
10 m.
3ID, 3IF, 3IID, 3IIF, 3IIID, and 3IIIF). This phenotype re- inhibitor [7]. Eg5 functions in the formation and mainte-
nance of bipolar spindles by creating pushing forcessembles that of a mutant of the mitotic kinesin Eg5, a
member of the BimC family [13–18]. The phenotype also that keep the spindle pole apart [19, 20]. To investigate
the inhibitory activity of TerE against Eg5, we haveresembles that of cells treated with monastrol, an Eg5
Figure 5. In Vitro Motility Assay with a Dark-
Field Microscope
E439GST or K430GST molecules were
attached on the glass surface. Polymerized
microtubules placed on the glass moved with
the minus end leading (A). The movement of
microtubules was recorded onto VTR, and the
speed was measured. The movement of the
microtubules driven by E439GST was about
7.6m during 3 min (B and C). In the presence
of TerE (50 M), the movement was drasti-
cally reduced, and the movement was about
1.4 m during 3 min (D and E).
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protein (Figure 4), suggesting that TerE does not inhibit
the activity of motor proteins involved in intracellular
protein transport. Moreover, other terpendole deriva-
tives, TerC, TerH, and TerI, did not cause M phase arrest
or inhibit the motor activities of kinesins. It is interesting
that subtle structural differences between TerE and
other terpendoles cause different effects upon cellular
activity.
We assume that TerE must bind to Eg5 directly, be-
cause TerE affected the ATPase activity of Eg5 in the
absence of microtubules. However, since the motility of
motor proteins is coupled with ATP hydrolysis, there
remains the possibility that TerE inhibits directly the
motility of Eg5, and inhibition of ATPase results from
inhibition of motility.
Significance
Bioprobes are chemical compounds that perturb spe-
cific cellular functions and are valuable tools for dis-
secting complex processes in mammalian cells. We
have been developing bioprobes that inhibit the pro-
gression of M phase, for example, tryprostatin A. In
this paper, we have rediscovered terpendole E (TerE),
which was originally isolated as an acyl-CoA:choles-
terol acyltransferase inhibitor, as a specific inhibitor of
mitotic kinesin, Eg5 from microbial metabolites. TerE
inhibited chromosome segregation and resulted in
monopolar spindles through the inhibition of Eg5 activ-
ity, but TerE did not inhibit conventional kinesins. Mon-
astrol, a synthetic compound, is known to be an inhibi-
tor of Eg5; however, this is the first report to find the
Eg5 inhibitor from natural products. TerE should be a
useful tool to investigate the mitotic process.
Experimental Procedures
Isolation and Identification of Terpendoles
Figure 6. Terpendole E Inhibits Microtubule Motility Driven by Eg5 A soil-isolated fungus strain RK99-F33 was found to produce several
In Vitro cell cycle inhibitors in the culture broth. The taxonomic studies
revealed that the strain RK99-F33 was very similar to Albophoma(A) TerE inhibits the microtubule gliding driven by Eg5, E439GST
yamanashiensis, which was previously reported as a terpendole(closed circle) with a dose-dependent manner, but not by conven-
producer. The strain RK99-F33 was cultured for 4 days at 28C intional kinesin, K430GST (closed square).
cylindrical flasks containing 70 ml of the producing medium (con-(B) TerE reversibly inhibits the microtubule gliding driven by Eg5
taining 1.5% glucose, 1.0% soluble starch, 0.3% beef extract, 0.2%(E439GST). For the washout experiment, we measured Eg5-driven
malt extract, 0.2% yeast extract, 1.5% dried yeast, 0.3% corn steepmicrotubule gliding in the absence of TerE (left column) and then
liquor, 0.05% K2HPO4, 0.05% NaCl, 0.05% CaCO3, 0.05%added 100 M TerE into the chamber (middle column). After incuba-
MgSO4•7H2O, 0.1% agar, adjusted at pH 7.0). Ten liters of the culturetion for 15 min, the drug was depleted from the assay chamber,
broth was extracted with the same volume of ethyl acetate twice,and gliding velocity was immediately measured again (right column).
and then the organic layer was collected and concentrated in vacuo.(C) TerE inhibits the microtubule-stimulated ATPase activity of Eg5
The concentrated extract was applied on a silica gel column (Silica(E439GST) in a dose-dependent manner.
gel 60, Merck) equilibrated with chloroform. Active principals were
eluted by the 5:1 mixture of chloroform-methanol. The active frac-
tions were combined and concentrated in vacuo. Subsequently, the
concentrated material was applied on a preparative HPLC (Pegasilcloned Eg5 and a conventional kinesin. The kinesin ac-
ODS, Senshu Science Co.). After elution with 70% acetonitrile, wetivity was monitored by movement of microtubules on a
obtained four active compounds, 1 (7 mg), 2 (42 mg), 3 (20 mg), andglass slide coated with recombinant kinesins. The motor
4 (15 mg), by activity- and UV spectrum-guided fractionation. These
domain of the kinesin superfamily is highly conserved compounds, 1, 2, 3, and 4, were identical to terpendoles C, E, H,
[21]; however, TerE selectively inhibited the microtubule and I, respectively, (Figure 1) by extensive analyses of 1H and 13C
motility driven by Eg5 but not by conventional kinesin NMR as well as FAB-MS spectrometry. Their molecular ion peaks
were found in FAB-MS spectra as follows: TerC, m/z 519.3 (M,(Figure 6A). To eliminate the possibility that TerE is a
C32H41NO5); TerE, m/z 437.2 (M, C28H39NO3); TerH, m/z 451.2 (M,nonselective inhibitor of motor proteins including
C27H33NO5); and TerI: m/z 453.2 (M, C27H35NO5).kinesin and dynein [20], inhibitory effects of TerE on
retrograde and anterograde trafficking of Golgi proteins Chemicals and Antibodies
were examined. TerE did not inhibit retrograde and an- Colchicine and FR179254 [22] were purchased from Sigma and
Calbiochem, respectively. Brefeldin A was purified by our hands.terograde trafficking of mannosidase II, a Golgi-resident
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Table 1. The Effects of Terpendoles in Several Assay Systems
In Situ In Vitro
Residual Activity Percent of Velocity Residual Activity Percent of ATPase
MT Network in
M Phase Arrest Interphase E439GST K430GST E439GST K430GST
Terpendole E  – 20.5  6.6 103.5  14.8 27.0  5.8 107.1  15.1
(14.6 Ma)
Terpendole C – – 103.5  23.9 99.2  24.9 88.4  2.0 NT
Terpendole H – – 92.6  11.9 89.6  15.8 87.9  2.0 NT
Terpendole I – – 91.3  9.2 95.6  8.0 78.3  12.0 NT
FR179254 – NT 113.4  20.1 115.6  24.7 NT NT
100 M drugs were tested in several in situ and in vivo assay systems. For in situ assay, exponentially growing 3Y1 cells were treated with
each drug for 24 hr (cell cycle) or 12 hr (MT network). M phase arrest was monitored by a flow cytometer, and microtubule (MT) network in
inerphase cells was observed under fluorescent microscope. NT, not tested.
a IC50 values of TerE against gliding velocity and ATPase activity of Eg5 were determined from the data of Figures 6A and 6C, respectively.
Monoclonal antibodies against  and -tubulins are products of for further 60 min. Golgi structures were stained using anti-mannosi-
dase II and incubated with Alexa 488 goat anti-mouse antibodies.Sigma T4026 and T6557, respectively. Anti-mannosidase II mono-
clonal antibody was purchased from Berkeley Antibody Co. (Rich-
mond, CA). Alexa 488 goat anti-mouse IgG was purchased from Construction of E439GST and K430GST
Molecular Probe Inc. (Eugene, OR). The C terminus truncated fragments of human Eg5 and Drosophila
conventional kinesin were fused to GST. First, E439GST (1–439
amino acids of human Eg5 [human kinesin like spindle protein, ac-Bioassay to Detect Cell Cycle Inhibitors by Flow Cytometry
cession no. U37426]) was cloned from HL60 human leukemia cellsThe bioassay to detect cell cycle inhibitors was carried out as de-
with reverse-transcription-PCR using primers 5-GGCATATGGCGTscribed previously [9]. Temperature-sensitive mutant tsFT210 cells
CGCAGCCAAA-TTCGTCTG-3 and 5-ATCCATGGACAACTCTGTAAhave a defect in cdc2 kinase. The cells were maintained in suspen-
CCCTATTCAG-3 containing NdeI and NcoI sites (underlined), re-sion culture in RPMI1640 medium supplemented with 5% calf serum
spectively. Second, K430GST (1–430 amino acids of Drosophila con-at 32C and synchronized in G2 phase at 39C (restrictive tempera-
ventional kinesin [kinesin heavy chain, accession no. M24441]) wasture) for 17 hr. In the random-cultured assay, cells cultured at 32C
cloned from cDNA by PCR using primers 5-CCTGTAAGCATATwere seeded into a 12-well plate at a density of 2 	 105 cells/ml in
GTCCGCGGAACGAG-3 and 5-CCTGCTCG-TCCATGGCAACCGA1 ml of fresh medium. Then, cells were continuously cultured in the
TGC-3 containing NdeI and NcoI sites (underlined), respectively.presence of inhibitors at 32C for 17 hr. In the synchronous-cultured
The GST gene was amplified from pGEX-6P-2 (Amersham Phar-assay, cells were seeded at a density of 2 	 105 cells/ml into a 12-
macia Biotech) by PCR using 5-GGCCATGGCCCCTATACTAGGTwell plate and were preincubated at 39C for 17 hr to synchronized
TATTG-3 and 5-GGAAGCTTTCAGTCACGAT-GCGGCCGCTCG-3in G2 phase. Then, 10 l of inhibitor solution was added, and the
as the forward and reverse primers, respectively, the forward primercells were incubated at 32C for 4 hr.
introducing NcoI site (underlined) onto the 5 end of the DNA, andThe DNA distribution of tsFT210 cells was analyzed by flow cytom-
the reverse primer containing pGEX-6P-2 HindIII site (underlined)etry (Profile II; Coulter Co., Hialeah, FL) after treatment with propid-
followed behind the stop codon. The DNA was subcloned intoium iodide solution for 30 min.
pGEM-T easy vector (Promega) and sequenced. The Eg5 and kinesin
fragments and GST were digested with NdeI/NcoI and NcoI/HindIII,
Preparation of Tubulin and Polymerization Assay In Vitro
respectively, and ligated into the NdeI/HindIII sites of the E. coli
Microtubule proteins were prepared from bovine brain by the poly-
expression vector pRSET-B (Invitrogen).
merization-depolymerization method as described previously [23].
Turbidity assays of microtubules were performed by incubating mi-
Expression and Purification of E439GST and K430GST
crotubule protein in BRB80 buffer (80 mM PIPES, 2 mM MgCl2, 1 E439GST and K430GST were expressed in E. coli BL21(DE3) harbor-
mM EGTA, pH 6.8) instead of MES buffer. Increase of absorbance
ing the pRSET-E439GST and pRSET-K430GST plasmids, respec-
at 350 nm was monitored in cuvettes at 37C using a thermostatic
tively. Overnight cultures were diluted to 20-fold into LB medium
spectrophotometer (Ultrospec 2000, Pharmacia).
supplemented with 50 g/ml ampicillin and grown at 37C until the
OD600 was 1.0. The cells were shaken for a further 30 min at 30C
Cell Culture and Immunofluorescence Procedure before induction with isopropyl -D-thiogalacto-pyranoside (0.4
Rat normal fibroblast 3Y1 cells, human lung carcinoma A549 cells, mM), and after a further 4 hr shaking at 30C, the cells were harvested
human cervix epidermoid carcinoma HeLa cells, and normal rat by centrifugation. The cell pellet was washed twice with buffer A
kidney NRK cells were grown in Dulbecco’s modified Eagle’s me- (20 mM PIPES, 5 mM MgCl2, pH 6.8) and resuspended in buffer
dium (DMEM) supplemented with 10% fetal-calf serum and cultured A supplemented with protease inhibitors (1 mM PMSF, 10 g/ml
in a humidified atmosphere containing 5% CO2. pepstatin, 10 g/ml leupeptin, 10 g /ml antipain). Cells were dis-
DNA/chromatin was stained with Hoechst 33258. Tubulins were rupted by sonication on ice, followed by centrifugation (80,000 rpm,
stained by anti--tubulin antibody and anti--tubulin antibody. The 2C, 15 min) to remove debris. GSH-agarose beads (Sigma) were
microtubules and DNA were observed under a microscope, Olympus added to the clarified supernatant and incubated for 30 min. The
BX60 (Tokyo, Japan) with CCD camera, Orca-ER (Hamamatsu Pho- agarose beads were washed three times with buffer A supplemented
tonics Inc., Shizuoka, Japan). with 150 mM NaCl and 10 M ATP. GST-fusion proteins were eluted
with 500 l of buffer A supplemented with 30 mM reduced glutathi-
one (Sigma), 150 mM NaCl, and 10 M ATP.Retrograde and Anterograde Trafficking of Golgi Proteins
Brefeldin A (BFA)-induced retrograde trafficking of Golgi proteins Eluted E439GST and K430GST were further purified using their
affinity toward polymerized tubulin. Tubulin (2 mg/ml in BRB80 sup-in NRK cells treated with 100 M TerE were assayed as previously
[24]. To investigate the effects of TerE on anterograde trafficking of plemented with 1 mM GTP, 2.5 mM MgCl2, 10% dimethyl sulfoxide)
was polymerized for 30 min at 37C and stabilized by adding 10Golgi proteins after BFA removal, NRK cells were incubated in the
presence of 10 g/ml of BFA for 30 min and then MeOH or 100 M M taxol. Polymerized microtubules were mixed with the purified
E439GST or K430GST and incubated for 15 min with 500 M AMP-TerE was added. After incubation for 60 min more, the cells were
rinsed to remove BFA and incubated with MeOH or 100 M TerE PNP (Sigma). After removing the unbound proteins by centrifugation
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(75,000 rpm, 27C, 15 min), GST-fusion proteins bound to microtu- 7. Mayer, T.U., Kapoor, T.M., Haggarty, S.J., King, R.W., Schreiber,
S.L., and Mitchison, T.J. (1999). Small molecule inhibitor of mi-bules were eluted with ATP-containing buffer (40 mM NaCl, 7 mM
ATP, 7 mM MgCl2, 200 mM potassium acetate, 10M taxol in BRB80) totic spindle bipolarity identified in a phenotype-based screen.
Science 286, 971–974.by incubation for 15 min at 25C. Microtubules were finally removed
by centrifugation (85,000 rpm, 27C, 15 min). 8. Osada, H. (2000). Trends in bioprobe research. In Bioprobes,
H. Osada, ed. (Heidelberg: Springer-Verlag), pp. 1–14.
9. Osada, H., Cui, C.B., Onose, R., and Hanaoka, F. (1997). Screen-In Vitro Motility Assay
In vitro motility assay was performed as previously reported [25] ing of cell cycle inhibitors from microbial metabolites by a bio-
assay using a mouse cdc2 mutant cell line, tsFT210. Bioorg.with slight modifications. In detail, a coverslip (18 	 18 mm; Matsu-
nami Co., Kishiwada, Japan) was placed on the center of a glass Med. Chem. 5, 193–203.
10. Huang, X.H., Tomoda, H., Nishida, H., Masuma, R., and Omura,slide (76 	 26 mm) between two strips of grease to make a flow
chamber (18 	 12 	 0.063 mm). E439GST (100 g/ml), K430GST S. (1995). Terpendoles, novel ACAT inhibitors produced by Albo-
phoma yamanashiensis. I. Production, isolation and biological(100 g/ml), and bovine brain kinesin (15 g/ml) were prepared in
motility buffer (MB; 20 mM PIPES, 4 mM MgSO4, 10 mM potassium properties. J. Antibiot. 48, 1–4.
11. Huang, X.H., Nishida, H., Tomoda, H., Tabata, N., Shiomi, K.,acetate, 1 mM EGTA, 0.2 mM EDTA, 10 M ATP, 0.5% -mercapto-
ethanol, pH 6.8). 15 l of diluted motor protein was introduced into Yang, D.J., Takayanagi, H., and Omura, S. (1995). Terpendoles,
novel ACAT inhibitors produced by Albophoma yamanashi-the flow chamber to adhere the motor proteins directly to the glass.
After 5 min incubation, 25 l of casein solution (0.5 mg /ml) was ensis. II. Structure elucidation of terpendoles A, B, C and D. J.
Antibiot. 48, 5–11.introduced into the chamber and incubated for a further 5 min [26].
After washing the chamber with 25 l of MB two times, 15 l of 12. Klausner, R.D., Donaldson, J.G., and Lippincott-Schwartz, J.
(1992). Brefeldin A: insights into the control of membrane traffic0.2 M taxol-stabilized microtubules in MB containing 10 M taxol
(MBP) was introduced into the chamber and incubated for 5 min. and organelle structure. J. Cell Biol. 116, 1071–1080.
13. Sawin, K.E., LeGuellec, K., Philippe, M., and Mitchison, T.J.After washing the chamber with 25 l of MBP twice, microtubule
movement was initiated by adding MBP with 1 mM ATP (MBPA). (1992). Mitotic spindle organization by a plus-end-directed mi-
crotubule motor. Nature 359, 540–543.For inhibition of microtubule movement, MBPA containing 50 M
TerE was introduced into the chamber. Microtubule movement was 14. Blangy, A., Lane, H.A., d’Herin, P., Harper, M., Kress, M., and
observed by dark-field microscopy and recorded with a video Nigg, E.A. (1995). Phosphorylation by p34cdc2 regulates spindle
tape recorder using a silicon-intensified target camera (Ikegami association of human Eg5, a kinesin-related motor essential for
CTC-9000). bipolar spindle formation in vivo. Cell 83, 1159–1169.
15. Enos, A.P., and Morris, N.R. (1990). Mutation of a gene that
Measurement of ATPase Activity encodes a kinesin-like protein blocks nuclear division in A. nidu-
ATPase activity of E439GST and K430GST was measured in buffer lans. Cell 60, 1019–1027.
A. For microtubule-stimulated ATPase activity, 4 M polymerized 16. Hagan, I., and Yanagida, M. (1990). Novel potential mitotic motor
microtubule, 10 M taxol, 1 mM EGTA, and 1 mM dithiothreitol were protein encoded by the fission yeast cut7 gene. Nature 347,
added to the buffer. The concentration of E439GST and K430GST 563–566.
was 0.3 M in the presence of polymerized tubulin, but 4 M in the 17. Hagan, I., and Yanagida, M. (1992). Kinesin-related cut7 protein
absence of tubulin. The reaction was initiated by the addition of 1 associates with mitotic and meiotic spindles in fission yeast.
mM ATP at 25C and terminated by the addition of 0.3 M perchloric Nature 356, 74–76.
acid. Inorganic phosphate was measured by the modified malachite 18. Hoyt, M.A., He, L., Loo, K.K., and Saunders, W.S. (1992). Two
green method [27]. Saccharomyces cerevisiae kinesin-related gene products re-
quired for mitotic spindle assembly. J. Cell Biol. 118, 109–120.
Acknowledgments 19. Vale, R.D., and Fletterick, R.J. (1997). The design plan of kinesin
motors. Annu. Rev. Cell Dev. Biol. 13, 745–777.
The authors are grateful to Drs. S. Omura and H. Tomoda (Kitasato 20. Hirokawa, N. (1998). Kinesin and dynein superfamily proteins
University) for the gift of terpendole C as an authentic sample. We and the mechanism of organelle transport. Science 279,
also acknowledged Dr. G. Okada (RIKEN Institute) for taxonomic 519–526.
study of the producer strain, and Drs E. Schiebel and K. Labib (CRC 21. Turner, J., Anderson, R., Guo, J., Beraud, C., Fletterick, R., and
Paterson Institute) for helpful comments on the manuscripts. This Sakowicz, R. (2001). Crystal structure of the mitotic spindle
study was supported by a Grant of Bioarchitect Basic Research in kinesin Eg5 reveals a novel conformation of the neck-linker. J.
RIKEN, and a grant from the Ministry of Education, Culture, Sports, Biol. Chem. 276, 25496–25502.
Science, and Technology. 22. Tanaka, A., Terasawa, T., Hagihara, H., Sakuma, Y., Ishibe, N.,
Sawada, M., Takasugi, H., and Tanaka, H. (1998). Inhibitors of
Received: September 18, 2002 acyl-CoA:cholesterol O-acyltransferase (ACAT). Part 1: identifi-
Revised: January 2, 2003 cation and structure-activity relationships of a novel series of
Accepted: January 6, 2003 substituted N-alkyl-N-biphenylylmethyl-N-arylureas. Bioorg.
Med. Chem. 6, 15–30.
References 23. Usui, T., Kondoh, M., Cui, C.B., Mayumi, T., and Osada, H.
(1998). Tryprostatin A, a specific and novel inhibitor of microtu-
1. Skoufias, D.A., Andreassen, P.R., Lacroix, F.B., Wilson, L., and bule assembly. Biochem. J. 333, 543–548.
Margolis, R.L. (2001). Mammalian mad2 and bub1/bubR1 recog- 24. Kuroiwa, N., Nakamura, M., Tagaya, M., and Takatsuki, A. (2001).
nize distinct spindle-attachment and kinetochore-tension Arachidonyl-trifluoromethy ketone, a phospholipase A2 antago-
checkpoints. Proc. Natl. Acad. Sci. USA 98, 4492–4497. nist, induces dispersal of both Golgi stack and trans Golgi net-
2. Ngan, V.K., Bellman, K., Panda, D., Hill, B.T., Jordan, M.A., and work-resident proteins throughout the cytoplasm. Biochem.
Wilson, L. (2000). Novel actions of the antitumor drugs vinflunine Biophys. Res. Commun. 281, 582–588.
and vinorelbine on microtubules. Cancer Res. 60, 5045–5051. 25. Miyamoto, Y., Muto, E., Mashimo, T., Iwane, A.H., Yoshiya, I.,
3. Joshi, H.C. (1998). Microtubule dynamics in living cells. Curr. and Yanagida, T. (2000). Direct inhibition of microtubule-based
Opin. Cell Biol. 10, 35–44. kinesin motility by local anesthetics. Biophys. J. 78, 940–949.
4. Lane, J., and Allan, V. (1998). Microtubule-based membrane 26. Howard, J., Hudspeth, A.J., and Vale, R.D. (1989). Movement of
movement. Biochim. Biophys. Acta 1376, 27–55. microtubules by single kinesin molecules. Nature 342, 154–158.
5. Desai, A., and Mitchison, T.J. (1997). Microtubule polymerization 27. Ohno, T., and Kodama, T. (1991). Kinetics of adenosine triphos-
dynamics. Annu. Rev. Cell Dev. Biol. 13, 83–117. phate hydrolysis by shortening myofibrils from rabbit psoas
6. Schmidt, R.E., Grabau, G.G., and Yip, H.K. (1986). Retrograde
muscle. J. Physiol. 441, 685–702.
axonal transport of [125I]nerve growth factor in ileal mesenteric
nerves in vitro: effect of streptozotocin diabetes. Brain Res. 378,
325–336.
